and Switzerland is found to be more than 30 % higher in the control model simulation with 10
no Holuhraun fissure emissions is used, called no_hol. 23
Anthropogenic SO 2 emissions in the model are described in Kuenen et al. (2014) . There is a 24 yearly total SO 2 emission of 13.2 Tg/a corresponding to 2009 conditions, the same year that is 25 used in the reference MACC model configuration. The difference to actual 2014 conditions is 26 assumed to be unimportant here. The inventory includes 2.34 Tg/a SO 2 in yearly ship 27 emissions over the oceans. Over the continents the yearly emissions are 5.08 Tg/a SO 2 for the 28 28 EU countries, and 5.53 Tg/a SO 2 for the non-EU countries in the MACC domain 29 (including Iceland) covered by the MACC domain. 30
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in Yang et al. (2007) . This may be too high for the Bardarbunga eruption, since our 23 simulations indicate that the plume was often situated much lower in the troposphere. 24
Retrieved SO 2 column densities may thus be too low. To compare the vertical column density 25 (VCD) from the model to the one from satellite retrievals, the averaging kernel from the 26 satellite has to be used. Each element of an averaging kernel vector defines the relative weight 27 of the true partial column value in a given layer to the retrieved vertical column (Rodgers 28 2000) . Cloud cover also changes the averaging kernel and a spatio-temporally changing 29 kernel is part of the satellite data product (an averaging kernel is provided for each satellite 30 pixel). 31
To apply the averaging kernel on model data, the satellite data are regridded to the model grid 1 so that those data from satellite pixels nearest to any given model grid point are used for that 2 grid point. A smaller area than the whole model domain was chosen to study and compare to 3 the satellite data, 30 o west to 15 o east and 45 o to 70 o north (red boxes in Figure 1 ). The Aura 4 satellite does five overpasses over the domain during daytime, swaths are partly overlapping 5 in the northern regions. For the grid cells where the swaths overlap, the satellite observations 6 are averaged to produce daily average fields. There are also regions that are not covered by 7 satellite observation that will not be taken into account in the model data postprocessing. To 8 make comparable daily averages of the model data, the closest hour in the hourly model 9 output are matched to the satellite swath time and only grid points that are covered by satellite 10 are used. The profiles for the averaging kernel in the satellite product are given on 60 levels, 11 the values from these levels are interpolated to model vertical levels. The new adjusted model 12 VCD is then calculated by multiplying the interpolated averaging kernel weights to the SO 2 13 concentration in each model layer, integrating all layers with the height of each model layer. 14 Because of noise in the satellite data small retrieved VCD values are highly uncertain. A 15 threshold limit is sought to identify those regions that have a significant amount of SO 2 . 16
Standard deviation for the satellite data is calculated over an apparently SO 2 free North 17
Atlantic region (size 10 x 15 degrees lat lon respectively), and is found to be around 0.13 DU. 18
Effects of varying cloud cover are ignored. An instrument detection limit is three times the 19 standard deviation of a blank, so we assume that with a threshold value set to 0.4 DU we 20 exclude satellite data below detection limit. Any grid point with a value over this threshold in 21 the satellite data is used along with the corresponding model data. Observations by satellite provide information about SO 2 location and column density. 8 Figure 1a shows as an example the VCD from the OMI satellite overpasses on 24 September, 9 end of the period, the satellite coverage is only around 40 percent because of the increasing 24 solar zenith angle (a satellite zenith angle cutoff of 75° is used for the satellite data). On some 25 days, the satellite cover is even lower because of the OMI zoom mode. The percentage of the 26 satellite data that is above the detection limit is low over the entire two month period, only 27 reaching around ten percent at the end of September and at the beginning of October. 28
On most days, the satellite daily mass burdens are above the model value, not including the 29 days where the zoom mode minimizes the coverage. The average mass burden adjusted to the 30 7 km reference height for satellite data are 11.17 kt SO 2 for satellite and 8.72 kt SO 2 for the 31 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -907, 2016 Manuscript under review for journal Atmos. Chem. Phys. The measurements show three peaks over three days, with the highest one measured 12 UTC 25 23 September. All the three model simulations have the peak concentrations earlier than the 26 observed, and the concentrations from the model are lower than observed. The three 27 simulations do however show increased concentrations at the site due to the volcanic eruption 28 over the three days. The map shows that large parts of France had an increase in SO 2 surface 29 concentrations during this time. lies on the edge of this plume. On 22 October, the volcanic SO 2 is measured at stations in 8
Germany. Figure 5d shows the plume reaching from Iceland into the North Sea, transported 9 east and south compared to the situation from the day before. The two stations Kellerwald and 10
Bremerhaven experience the plume differently. While for Bremerhaven the peak is short the 11 peak lasts for one day at Kellerwald. The map show that the plume is narrow for all three 12 stations, and the gradient between where there is no Holuhraun contribution and the 13 maximum concentration is strong. At Kellerwald station, the low_hol simulation has the 14 highest concentrations at the beginning of the plume and the high_hol simulation is highest at 15 the end of the plume. The ctrl_hol simulation has the most comparable concentrations to the 16 observed ones, although all the models runs have values that are too high. For the 17 Bremerhaven station, the observed peak is earlier than the modelled, but all the model runs 18 match the last hours of the plume. 19
A third plume is illustrated in Fig. 6 over Northern Europe, occurring from the end of October 20 to the beginning of November. Figure 6a shows the measured SO 2 concentrations at a station 21 in Oslo, Norway. There are four peaks measured from 29 October to 31, the highest one on 29 22
October. The models runs show contribution from Holuhraun SO 2 over the same three days, 23 but do not reach the high measured concentrations, especially the first plume is 24 underestimated. On October 30, the plume is transported south east to Poland. The Polish 25 station in Sopot experiences a short peak that the model simulates to happen a few hours 26 show that the volcanic SO 2 was observed as short singular peaks lasting from a few hours to 17 several peaks over a short set of days. The biggest difference for the three studied plumes is 18 for the first one during September over UK and Western Europe, with up to a factor of four 19 differences between simulated and measured concentrations at several of the stations. But 20 both the measured and simulated concentrations during the September event were higher than 21 the two later events, pointing to a different transport of SO 2 in the first event, and not only The results in this study show that the sulphur depositions from September to November over 27
Northern Norway were at the same levels as the most polluted regions in Europe. Emission 28 ceilings aim set by the Gothenburg Protocol was to reduce the SO x emissions by 63 % by 29 2010 compared to the 1990 levels (EMEP, 2015) . Most countries have accomplished these 30 reductions, and the sulphur deposition levels over Europe have decreased. The Holuhraun 31 eruption changed the picture in some areas. Comparing observed deposition levels at 32 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -907, 2016 Manuscript under review for journal Atmos. Chem. Phys. with Holuhraun emission are around 13 percent over the same 30 countries and increases 27 occurs as short peaks in concentration levels from a few hours to some days. For PM 2.5 28 concentration, the increase is six percent. The biggest difference in percent increase are seen 29 over Scandinavia and Scotland, however these regions are among the cleanest in Europe, also 30 with the added sulphur caused by the Holuhraun emissions. A lot of the sulphur is also 31 deposited out over these regions by frequent precipitation. The areas that show increase in 32
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